This paper describes the application of innovative hydrothermal technology on local municipal solid waste (MSW) to produce low chlorine content solid co-firing fuel with coal. Raw MSW was treated at temperatures ranging from 210 to 235°C with 30 to 90 minutes holding period. The process yielded slump products which were then naturally dried to 5% moisture content, resulted in dry products with the heating value up to 24MJ/kg (dry base). Organic chlorine compound from plastic in MSW was converted to inorganic chlorine and reduced to 0.2% level. The inorganic chlorine substances were then removable by water washing at 1:8 product-water ratio (dry base) and vacuum filtration. MSW blends of various proportions (on %wt), with different rank coal were tested in a Thermogravimetric analyzer (TGA). Combustion characteristics like volatile release, ignition were studied. The result showed that even though the blending of MSW with coal is favorable to initiate the early release of volatile, different ignition behavior was observed depending on the blends composition and coal rank. It is found that the effect of early volatile release by MSW on coal ignition differs and depends on quality of coal. The TGA combustion profiles showed that the combustion characteristics of some of the blends can be predicted from the weighted sum of the blend components. With these features, the innovative hydrothermal treatment would then be a good alternative for MSW treatment and conversion into coal co-firing fuel.
I. Introduction
Treatment of municipal solid waste (MSW) has become a severe problem in many countries, not only in developing countries but also in developed countries due to the limited lifetime of final waste disposal. In Japan, even though the MSW discharge is slightly decreasing to 52.02 million tons and total volume of recycled waste is increasing to 10.21 million tons in FY2006, the lack of final disposal facilities is still a big concern since their remaining lifetime is only 15.5 years 1 . On the other hand, solid fuel consumers in Japan are suffering from surging coal price, since Japan depends almost entirely on imports of coal. Due to hiking crude oil price, many industries are shifting to coal as solid fuel, resulting in upheaval demand and surging price of coal, which has risen by 150 percent in 2008 2 . The conditions mentioned above would lead to a big opportunity for MSW conversion to solid fuel for co-firing with coal. The spoiling MSW volumetric problem can be solved by pretreating MSW, and thus the needed solid fuel for the industries can be partly supplied by pretreated MSW having combustion characteristics similar to that of coal. Various treatment processes for MSW using the hydrothermal process principle have been developed, but only a few of those are designed to obtain solid co-firing fuel and applied commercially at present 3, 4 . Tokyo Institute of Technology (Tokyo Tech) has been developing an innovative hydrothermal treatment technology for converting high moisture content solid wastes into dried uniform pulverized coal-like solid fuel using low energy consumption 5, 6 . The process can treat wide range application from waste food to sewage sludge and has wide range product from solid fuel to liquid fertilizer 7 . The commercial scale plant has already been working in Japan. Unfortunately in most industrial countries like Japan, impregnated plastic in MSW contains chlorine originated from polyvinylchloride (PVC). Since chlorine is known to promote clogging, corrosion and dioxin formation in solid fuel furnaces, a chlorine removal process is inevitable. In this paper, the application of the innovative hydrothermal technology on local MSW will be described. The experimental results and beneficial effects of the hydrothermal treatment on organic chlorine compound reduction will be presented.
Since coal firing equipment is designed for a particular fuel, to co-fire MSW with coal, the equipment needs to be redesigned for a particular blending ratio. In addition to that, the general fear of early ignition of coal due to high volatile biomass / MSW fuels has not been clarified yet, which is the main cause of concern for utilities due to potential fire hazard. So a fundamental understanding of the effect of blending MSW on combustion characteristics of coal is needed to be studied. Therefore, this study also aims at finding the effects of MSW blending with coal on
Figure 1. Comparison of various hydrothermal treatment conditions
It can be seen from Fig. 1 that the operating condition of Tokyo Tech process differs from other processes such as sub-critical water oxidation and waste autoclave. Not only is the aspect of temperature different but also the water phase usage (it uses the saturated phase). Therefore, the operating pressure is not so high compared with ordinary water-phase hydrothermal treatment processes.
The commercial scale plant shown in Fig.2 has already been working in Hokkaido, Japan, operated to process the wastes from nearby medical facilities. The 3m 3 reactor is capable of handling up to 1 ton of waste per batch, generally applying middle pressure steam up to 3MPa while mixing the waste and steam using rotor blades driven by 30kW electric motor. It can be seen that condensed water from the condenser entering the water treatment plant is being fed back to the boiler for steam supply. At the beginning of the batch, waste is being fed into the reactor to undergo a hydrothermal reaction with saturated steam supplied from the boiler, while being stirred by a rotor unit to obtain a homogeneous product. After reaching intended temperature, the boiler is set to maintain the temperature for a certain holding period. The hydrothermal treatment is finished by bleeding the pressurized steam to the condenser until the reactor reaches atmospheric pressure. The product can then be pushed outside by rotating the rotor blades acting as a screw conveyor.
III. Experimental Method

A. Hydrothermal Treatment Experiment
The MSW hydrothermal treatment experiments were performed in Hokkaido, Japan. The raw MSW was supplied by a local town, visually contained much plastics since most of the local organic wastes were separated for composting. The sampling was then performed based on the Japanese standard JIS K0060.
Three main parameters of processing -(1) the pressure and its related steam temperature, (2) the holding period, and (3) the amount of MSW -were varied as shown in Table 1 to understand the characteristic of the system against MSW. To reconfirm the phenomenon in the plastic part of the MSW, another set of experiments were performed for controlled composition plastic mixture (presented in Table 2 ) based on the typical plastic waste composition in Japan, conducted in the same plant and procedure as above. 
B. Raw MSW and Product Composition Analysis
Physical characteristics of raw MSW and hydrothermal treatment products were analyzed based on Japanese Ministry of Health and Welfare no.95/1977, "Points of Concern for the Guidance to Municipal Waste Processing Business". Moisture content of material was obtained by drying the crushed sample in a constant-temperature oven at 105°C, and the ash contents were obtained by inserting the sample into a constant-temperature oven at 550°C. The ash was then made into briquette form for analysis in Rigaku ZSX X-Ray Fluorescence equipment to obtain the ash composition.
The chlorine content analysis of raw MSW and the hydrothermal products were differentiated by the form (solid or liquid) and chlorine type (organic or inorganic). For dry solid material, total chlorine content analysis was done based on the Japanese standard JISM8813, "Methods for Coal and Cokes Elements Analysis" using the Eschka method, while organic and inorganic chlorine content were obtained by first washing the solid with 40 times water addition continued with vacuum filtration. The organic chlorine in residual solid was then analyzed by the Eschka method, while inorganic chlorine content was obtained by the potentiometric titration method.
Liquid material obtained were condensed water and separated liquid from "raw" product coming out from the reactor. Some raw products were still wet and considered to have high moisture content; therefore a dewatering process by centrifuging was applied and some liquid product was obtained. In this experiment, Kokusan H-251 centrifuge was used to separate the solid and liquid products. The chlorine content and pH of the liquid material were then analyzed.
Heating value analysis for raw MSW and the hydrothermal treatment product were done based on the Japanese standard JISM8814, "Coals and Cokes -Measuring Method of Gross Calorific Value with Bomb Calorimeter and Computational Method of Net Heating Value". The samples were dried at 105°C, crushed, and analyzed in Shimadzu CA-4PJ bomb calorimeter.
C. Water Washing Experiments
Water mixing and washing experiments were performed for B22, B31 and C11 samples. 25gr of dry samples obtained from 105°C constant temperature oven drying were well-mixed with distilled water in various amount from 100ml to 500ml. The mixtures were then undergoing vacuum-filtration process using a vacuum pump and 5 micron paper filter.
Liquid part obtained from filtrated water was analyzed by the portable ion chromatography equipment Shimadzu PIA-1000. Calculated chlorine content in the water was then deducted to the previously obtained inorganic chlorine content of the solid.
D. Thermogravimetric Analysis
A series of blends containing 10%, 20%, 30% and 50% of MSW (A11 product sample) blend on weight basis were prepared with their particle size less than 180 µm (~ 80 mesh). The combustion characteristics of Indian coal, Indonesian coal, Australian coal, hydrothermally treated MSW and their blends were studied using a TGA analyser (SHIMAZDU D50). TG analysis was done for getting weight loss profiles as a function of temperature and time. These dynamic runs were carried out on about 10 mg of dried sample, with heating at a constant rate of 10 o C /min from ambient temperature to 700 o C. A continuous airflow of 150ml/min was established to maintain an oxidizing atmosphere during the combustion. The relevant properties of Indian coal, Indonesian coal, Australian coal and treated MSW are given in Table 3 . For ultimate analysis of these fuels, PerkinElmer made 2400 Series II CHN organic elemental analyzer was used.
MSW contains high amount of volatile and oxygen content, enabling it to start to burn or achieve its ignition easily compared to other fuels. So it is expected that blending of MSW with other fuels result in early release of volatile and subsequently enhancement in ignition temperature. This is the main barrier for implementation of cocombustion projects. Hence this study aims at finding the effects of changes in volatile content due to blending on ignition during co-combustion. 
IV. Results and Discussions on Chlorine Removal
A. Hydrothermal Treatment Product Characteristics
Hydrothermal treatment has resulted in grayish, uniform size slump product as shown in Fig 4 below . The product had lesser smell compared to ordinary dumped MSW and seemed to have higher moisture content and density. With a relatively low temperature and holding period, some rubber (shoe sole) material were still present, while with a higher temperature and longer holding period, most of the material were blended uniformly and more mud-like. The raw MSW characteristics can be observed in Table 4 (all in as received base except for the chlorine contents and heating values shown in dry base). The physical compositions of two MSW samples (MSW-1 and MSW-2) were not so different, but the energy content of MSW-2 was somewhat higher due to higher percentage of PVC as shown in its organic chlorine percentage. Nevertheless, the standard deviation of both MSW samples shows high variation of components inside the waste, especially for MSW-2. 
C. Treated MSW Composition and Heating Value
The hydrothermal treatment product characteristics can be observed in Table 5 . Samples A11 through B21 were processed from the MSW-1 while samples B22 through C11 were processed from the MSW-2. Therefore, they should also possess higher variation of the products composition.
As shown in Table 5 , the densities of products were higher, about 4 to 5 times compared to raw MSW in dry basis. Therefore, the 75-80% waste volume reduction can be achieved. It is to be noted that B31 and C11 products were centrifugally dewatered (marked with additional "d" character) before being analyzed, thus separating some inorganic chlorine into the liquid part and reducing the inorganic chlorine content in the dewatered product. The centrifuging also resulted in higher HHV compared to raw product, due to reduction of inorganic chlorine content and other low heating value compounds.
The heating value of raw MSW and hydrothermal treatment products were observed to be fairly equal compared to low grade sub-bituminous coal which has the heating value of approximately 20 MJ/kg (4800 kcal/kg). 
D. Chlorine Conversion in the Hydrothermal Treatment
Due to high organic (water-insoluble) chlorine content of raw MSW shown in Table 4 , the chlorine reduction would be economically difficult to apply, and the product would be difficult to be qualified as fuel. The hydrothermal treatment, however, has the dehydrochlorination effect for PVC 8, 9 . It can be seen from Table 6 that the organic chlorine content of the hydrothermal treatment products were low compared to that of raw MSW, and increasing the treatment temperature and holding period would further reduce the organic chlorine content. One experiment with less raw MSW (B31) also resulted in lower organic chlorine concluding that mass or reaction surface is also an important parameter for dehydrochlorination.
Since MSW does not consist of only PVC, the chlorine content analyses of the hydrothermal treatment products did not show typical dehydrochlorination phenomenon: instead of producing hydrochloric acid which will be dissolved in condensed water and lowering the pH, the process did not result in low pH and high chlorine content in the condensed water as shown in Table 6 below. It is observable that only a small part of chlorine was shifted to the condensed water, while the total chlorine content in the solid did not change and the water-soluble inorganic chlorine content increased. Thus, it can be assumed that no hydrochloric acid was formed; instead, the organic chlorine was converted to the inorganic chlorine. From the ash components analysis of raw MSW and hydrothermal treatment products, it can be seen that the alkali and alkaline metals were present in raw MSW. Therefore, composition-controlled plastic waste experiments were performed, with results shown in Table 7 . In both products, the organic chlorines were converted to watersoluble inorganic chlorine, suggesting the benefit of the hydrothermal treatment towards the goal of organic chlorine removal. The difference is without additional alkaline (in the form of lime) in P1, chlorine was transferred to the condensed water and lowering the pH (suggesting the formation of hydrochloric acid), while in P2 (with additional lime) chlorine was converted to salt due to reaction with lime and not transferred to the condenser, shown by low chlorine content in the condenser and higher pH. P1 is also differentiated in two parts: hard-solid product and liquid product having very low pH, in contrast with slump product of P2. 
E. Washing Experiment Results
The water-soluble inorganic chlorine content in the product is shown to be washable by water mixing and washing as shown in Table 8 . For B22 sample, minimum water required was only 100ml, equal to 68.3% of raw (wet) product mass. Maximum solubility of calcium chloride in 30°C is 27% compared to 1.4% in the experiment, therefore the recycled washing process in elevated temperature can be expected to further reduce the required water for washing. 
V. Results and Discussions on Co-combustion Performance of MSW Product with Coal
A. Co-combustion Characteristics
The burning characteristics of the Indian, Indonesian, Australian coals, MSW and their various blends have been studied using TG profiles as shown in Fig. 5 .
The TG curve for MSW is given in Fig. 5(a) for reference. The combustion of MSW is mainly by volatile content whereas in the case of coal, this was dominated by fixed carbon. Hence an early mass loss was observed for MSW compared to coal. Similarly, for blends an early weight loss was observed, due to early emission of volatile matter, which differentiates burning behavior of MSW with coal. MSW and the Indonesian coal contains more amount of volatile matter compared to the Indian and Australian coals. Similarly, the Indonesian and Australian coals, ranked as high grade coal, contains high heating value, in the order of two times that of low grade Indian coal and MSW. These differences influence the nature of TG profiles of their blends.
B. Volatile Release
The temperature at which the volatile matter starts to be released is reducing with the increase of the blending ratio of the treated MSW as shown in Fig. 6 . The higher the MSW blend in coal, the higher the reduction in volatile release temperature. The early release of the volatile matter is favorable to initiate combustion of coals by providing sufficient ignition energy. All the three coals like Indian, Indonesian and Australian coal exhibit a similar nature of early release of volatile when blended with MSW compared to their coal only behavior.
The early release of volatile by the MSW blended coals are mainly due to the very low volatile release temperature of MSW at 212 o C. So when MSW is blended with coal, the MSW volatile gets released first and this phenomenon is independent of quality of coal. This kind of early release of volatile will help to initiate and supports ignition and gains importance for coals with the high ignition temperature. This characteristic can be predicted from the weighted sum of the blend components as it behaves in an additive manner. Hence it is expected that the early volatile release will lower the ignition temperature. The effect of MSW blending on the ignition temperature was studied by TG analysis for various levels of MSW blending in the Indian, Indonesian and Australian coals. Fig. 7 shows the effect on the ignition temperature of coals due to MSW blending. There were different kind of ignition phenomenon and altogether dissimilar behavior was observed which varied according to the parent coal quality. For the Indian coal blend, the ignition temperature keeps on reducing with the increase in the MSW blend proportion. Hence addition of MSW with the Indian coal helps in reducing the ignition temperature which is of great importance due to very high level of ash content in the Indian coal, which makes it difficult to burn. But high level of MSW blend with Indian coal results in large reduction in the ignition temperature, which did not allow to use the same firing equipment designed for coal only combustion.
The ignition temperature of the Australian coal blend was not at all affected by MSW blending, even for high level of blending say up to 50%. Hence addition MSW with Australian coal has no effect on the ignition temperature. The char of the Australian coal get ignited only when it attains its own ignition temperature (416 o C). This is due to the fact that being the high grade coal, the Australian coal requires high activation energy to initiate combustion than the energy supplied by MSW volatile. This shows a wide scope of blending MSW with the Australian coal with a limitation to the amount of energy reduced by adding MSW.
The Indonesian coal behaved very differently when being added with MSW. Up to 20% of MSW blend, the ignition temperature of the blended fuel is increasing. The blends more than 30% of MSW, exhibit a reduction in the ignition temperature. The increase in the ignition temperature up to 20% of MSW blend is primarily due to dilution of coal volatile by the MSW volatile, because both of them are liberated at the same time, which increases the ignition temperature.
From these results it can be conferred that the behavior of ignition cannot be predicted from their weighted sum of blend components as it behaves differently according to the quality of coal. The addition of MSW in the Indian coal activates early release of the volatile matter and it provides enough ignition energy for ignition of char, which represents a homogeneous combustion. In contrary, for the Australian coal blend, the ignition temperature did not change at all even though there was a significant reduction in the volatile release temperature. Hence this behavior 
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confirms that ignition depends on how much energy quickly released by volatile matter but not necessarily on early release of the volatile matter.
When comparing the various level of MSW blends, referring Fig.5 , blends up to 20% show very similar mass loss profiles to their parent coal in all respects. But beyond 30% of MSW blends exhibit a large change in the profile due to high amount of volatile release in the early stage, which differentiates much from their original combustion behavior. Hence presently available equipment can be best utilized without major change up to 20% MSW blending. This result promotes the feasibility of co-combustion of MSW with coal in the present infrastructure in a short duration.
VI. Energy Balance Analysis
In order to clarify the economical feasibility of this hydrothermal technology, an energy balance analysis was conducted for the system shown in Fig.8 . The results are summarized in Table 9 . Table 9 shows that only 1/4 of energy content in the product will be required to supply thermal energy to the boiler. This means that if we produce high temperature saturated steam by burning the product, only 1/4 of the product will be utilized within the system, and the rest 3/4 can be supplied to outside of this system as solid fuels for co-firing with coal. 
VII. Summary
Commercial scale experiments of the innovative hydrothermal treatment developed by Tokyo Tech have been performed to obtain the processing characteristic for MSW into solid co-firing fuel. The raw products coming out from the reactor were having odorless, uniform size product in slump form.
The process temperature, the holding period and MSW mass were important to obtain an adequate solid fuel in terms of a high heating value and low chlorine content. The highest heating value obtained was fairly equal to lowgrade sub-bituminous coal, while the organic chlorine in the product was converted to inorganic chlorine, with lowest organic chlorine content achieved at 0.16%, down from 1.38% in raw MSW. The produced inorganic chlorine can then be water washed and dewatered to reduce the total chlorine content of products.
MSW blending with coal can enhance the volatile release from the coal. Early release of volatile does not always enhance the ignition characteristics. A blend level of up to 20% of MSW with coal is recommended for cocombustion.
Considering its beneficial features, the innovative hydrothermal treatment can be considered as an alternative MSW treatment which produces usable and environmentally-friendly solid co-firing fuel with an adequate heating value and low chlorine content.
